A series of polycrystalline La 0.7 Sr 0.3 MnO 3 (LSMO) films was deposited by sputtering on Ba 0.4 Sr 0.6 TiO 3 (BSTO)/YSZ (Yttria stabilized Zirconia) buffered Si substrates. Through changing the deposition temperature and thickness of the buffer layers, the LSMO films with grain sizes from about 10 nm to 100 nm were prepared. The results of transport properties of these polycrystalline LSMO films show that the MR value (which is the value after deducting the CMR part) strongly depends on the film resistivities. We also developed a dual path model which includes both the spin dependent tunneling and scattering to explain the low-field MR effect of LSMO polycrystalline films. And the experimental results can fit well with our dual path model.
INTRODUCTION
The discovery of colossal magnetoresistance (CMR) in perovskite manganites has led to a constantly increasing interest for not only basic science, but also for technology 1, 2 . However, in spite of intensive efforts in this field, producing the CMR effect in low magnetic fields is still a challenging goal toward practical applications.
The large magnetic field needed for producing the CMR effect is related to the small size of the fluctuating ferromagnetic clusters controlling the spindependent transport. Therefore, it is possible to produce strong spin-dependent conductance and control of the relative orientation of the ferromagnetic elements by applying a relatively low magnetic field to control the transport across a macroscopic interface between two ferromagnetic elements. There are several approaches that have been reported for the formation of an interface between two ferromagnetic elements, such as preparing a grain boundary between two electrodes 3 , preparing thin film trilayers 4.5 and taking the advantage of the naturally occurring two dimensional structure in layered manganite single crystals 6 , where the interplane transport exhibits large low-field MR. It is necessary to understand the microscopic transport mechanism across a grain boundary not only for quantifying the magnitude and temperature dependence of the MR, but also for the practical applications of these materials in the future.
So far, there are mainly two kinds of explanation for the intergrain magnetoresistance effect. One explanation suggests that the intergrain magnetoresistance effect is a consequence of spin-dependent scattering of polarized electrons at the grain boundaries, which serve as pinning centers for the magnetic domain walls 7 . The other explanation suggests that the conduction is dominated by intergrain spin-polarized tunneling rather than by scattering 3 . However, in some case, it is hard to distinguish between these two models based on the same fact, for example, the relationship between MR and (M/Ms) 2 . Until now, there are still not systematically experiments reported about the preparation of polycrystalline manganite thin films for developing thin film devices for application. And no model has been proposed which is good enough to describe the whole intergrain magnetoresistance behavior. So, in this paper, we reported the experimental results based on a series of high-quality polycrystalline LSMO films. We performed systematically transport studies on these LSMO films carefully. And we also developed a dual path model which including both the spin dependent tunneling and scattering, and can fit well with the experimental results.
EXPERIMENTS
All the polycrystalline La 0.7 Sr 0.3 MnO 3 samples were fabricated on Si substrates by magnetron sputtering method. The YSZ and BSTO were prepared on the Si substrate as buffer layers. Through changing the film thickness and the deposition temperature, the grain size of LSMO films can be controlled. The YSZ layers were deposited at 700 in 76 mTorr of high-purity Ar gas by RF sputtering. For controlling the grain size, the deposition temperatures of BSTO buffer layer were varied from 650 to 800 in 76 mTorr high-purity Ar gas. The detailed experiments and analysis about the preparation of polycrystalline LSMO films and the control of LSMO grain size has been published elsewhere 8 . The resistivity measurements with standard four terminal method with or without magnetic field were performed in a cryostat which can change the temperature from 4.2K to room temperature, and the magnetic field can change from 0 to 17KOe. During the measurements, the magnetic field was parallel to the film plane and parallel to the current. Figure 1 shows an XRD pattern of a typical 100 nm thick polycrystalline LSMO film. Through calculation, we got the lattice constant of this polycrystalline LSMO film. It is 0.3864 nm, and smaller than the lattice constant of bulk LSMO (0.3876 nm). Through the Scherrer formula, we calculated the grain size of LSMO polycrystalline films. For making sure the grain size value which was calculated by XRD data, we also observed the surface of LSMO polycrystalline films directly by scanning electron microscope. Figure 2 shows a typical SEM image of LSMO polycrystalline films. Through comparison, the average grain sizes obtained from SEM images have a good agreement with the results got from XRD data. It is easy to find that in the case of polycrystalline LSMO film, a large and sharp variation of resistance occurs in low magnetic field range, and a negative magnetoresistance also can be observed in high magnetic field range, however, this phenomenon can not be observed in the case of epitaxial LSMO film except for CMR effect. What the difference between epitaxial samples and polycrystalline samples is that the polycrystalline films are made up of by micron size grains. The spin directions of grains are different, and the boundaries between LSMO grains are spin disordering because the structure of grain boundaries are also disordering. So, the MR effect in the polycrystalline samples is most likely related to alignment of spins in a magnetically disordered region near the grain boundaries, and the spin-polarized transport effects play an important role in the conduction process due to the high degree of spin polarization in these materials. Figure 4 shows the dependence of the resistivity and MR ratio deducted the CMR contribution from MR curves (the insert figure) of LSMO polycrystalline films on LSMO grain density. Obviously, the scattering number should increase with the grain size of LSMO decreasing. So, even the parallel conduction passed increased with the grain size of LSMO decreasing, the film resistivity should increase almost linearly with the scattering number. However, the experimental results did not show the linear relationship between the film resistivity and the density of LSMO grain. In the low density region (<1×10 3 μm -2 ), the film resistivity linearly increases with the density of LSMO grain. However, this linear relationship can not be found in the higher density region (>1×10 3 μm -2 ). It is not reasonable to consider that the electronic conduction in these two regions is based on the same physics. Therefore, in this paper, we present a dual path model including both the spin dependent scattering and tunneling. The point is: in the case Fig. 4 . The density of LSMO grain dependence of Resistivity and MR ratio deducted CMR contribution from MR curves (the insert figure) of LSMO polycrystalline films Fig. 5 The scheme of the dual path model including both the spin dependent scattering and tunneling. that the film composed by larger LSMO grains which has lower resistivity in grain boundaries, the conduction mechanism is dominated by the Ohm's law based on Boltzmann equation model. It is a general concept that the electronic resistance increases with the number of scattering interfaces. Then, the conduction mechanism is gradually dominated by the quantum tunneling with increasing the resistivity of grain boundaries by decreasing of the LSMO grain size. This is also a general concept that the electronic resistance originated from quantum tunneling does not depend on the scattering number. And in this case, the grain boundaries should be considered as the potential barrier. The principle schematic was show in Fig. 5 . In this schematic, the equivalent circuit consists of tunneling resistance and scattering resistance. This dual path model can be described as this:
RESULTS AND DISCUSSION
First, the typical electric conductance of spin polarized electrons via a grain boundary is given as Where P is spin polarization, s is the potential barrier thickness and Where m is the electron mass and is the potential barrier height. Therefore, tunneling resistance R Tunnel can be written as Second, the scattering resistance was expressed by a magnetic multilayer model. In this theory, scattering resistance R Scatter is given as and Where r 0 is the resistance of a medium layer in series with a magnetic one, r b is the resistance of interface, and are bulk coefficient asymmetry and interfacial coefficient asymmetry. r SI indicates the resistance of spin coupled interfacial boundary. Then, the R Dual can be written as Therefore, the MR of dual path model is shown as From these calculations, we deduced the relationship between MR and the film resistance. The experimental results of LSMO polycrystalline films and fitting curve with model calculation are shown in Figure 6 . Obviously, the theoretical value has a sufficient agreement with experimental data. So, it is understood that the increasing of MR deducted CMR contribution from whole MR curves is directly affected by the resistance of grain boundary. In the case of LSMO films which have lower resistivity in grain boundaries, the conduction mechanism is dominated by the Ohm's law. Then, the conduction mechanism is gradually dominated by the quantum tunneling with increasing the resistivity of grain boundaries by decreasing of the LSMO grain size. 
CONCLUSION
In conclusion, we prepared a series of polycrystalline LSMO films on Si substrates with YSZ and BSTO buffer layers, and successfully controlled the grain size of LSMO films. The results of transport properties show that the MR value deducted CMR contribution from MR curve strongly depends on the resistivity of LSMO films, and the MR value deducted CMR contribution from MR curves is increasing with the resistivity of LSMO films increasing. We also suggested a dual path model which including both the spin dependent tunneling and scattering. And the experimental results can fit well with our dual path model.
